ABSTRACT
Several members of the chemokine family play an important role in reparative fibrosis and are involved in the pathogenesis of remodeling following myocardial infarction. Chemokines may regulate the fibrotic process through recruitment and activation of mononuclear cell subsets and fibroblast progenitors (fibrocytes), by exerting direct effects on resident fibroblasts, and by modulating angiogenesis. Monocyte Chemoattractant Protein (MCP)-1/CCL2 is the best studied chemokine in cardiac fibrosis. Disruption of the MCP-1 axis reduces fibrosis attenuating dilation of the infarcted ventricle. In addition, MCP-1 signaling is activated in response to insults that do not cause cardiomyocyte death, such as brief ischemia or pressure overload and regulates fibrous tissue deposition in experimental models of fibrotic non-infarctive cardiomyopathy. Understanding the role of chemokinemediated interactions in the development of cardiac fibrosis may identify novel therapeutic targets for treatment of patients with heart failure.
CARDIAC FIBROSIS
Cardiac fibrosis is characterized by net accumulation of extracellular matrix in the myocardium and is an integral component of most cardiac pathologic conditions. Fibrotic remodeling of the myocardium is the end-result of most types of cardiac injury. Insults resulting in cardiomyocyte death, such as myocardial infarction, trigger a reparative response that ultimately leads to replacement of dead cardiomyocytes with a collagen-based scar. However, cardiac fibrosis also develops in response to injurious stimuli that do not cause extensive cardiomyocyte loss. Interstitial and perivascular deposition of collagen is often found in dysfunctional myocardial segments from patients with ischemic cardiomyopathy in the absence of completed infarction, and correlates inversely with contractile reserve (1) . Moreover, myocardial fibrosis is associated with a wide variety of cardiac conditions due to hemodynamic, toxic, metabolic and immunologic disturbances. Pressure overload induced by hypertension or aortic stenosis results in extensive cardiac fibrosis, Figure 1 . Interstitial fibrosis is found in a wide variety of cardiac conditions. In the normal myocardium extracellular matrix proteins provides structural support and contributes to transmission of contractile activity. In the fibrotic heart there is myofibroblast infiltration (arrows) and increased deposition of extracellular matrix proteins in the endomysium and perimysium. associated initially with increased stiffness and diastolic dysfunction, that frequently progresses to ventricular dilation and combined diastolic and systolic heart failure (2) . Volume overload due to valvular regurgitant lesions also results in activation of cardiac fibroblasts leading to fibrosis of the heart (3). Hypertrophic cardiomyopathy is associated with fibrous tissue deposition in the cardiac interstitium, accompanied by alterations in the extracellular matrix scaffold, that may contribute to cardiomyocyte disarray (4) . Hearts with dilated cardiomyopathy often exhibit progressive fibrosis characterized by increased interstitial cellularity and accumulation of extracellular matrix proteins (5) . Finally, cardiac fibrosis is a hallmark of the cardiomyopathic processes associated with metabolic disturbances such as diabetes (6) , (7) and obesity (8) .
THE EXTRACELLULAR MATRIX NETWORK IN THE NORMAL HEART
In the normal heart the extracellular matrix network provides structural support to the cellular elements and contributes to pump function by transmitting cardiomyocyte-generated force. Transmission of a systolic force is facilitated by a network comprised primarily of type I collagen with smaller amounts of type III collagen, the main constituents of the cardiac extracellular matrix (2) . Based on morphological characteristics the cardiac matrix network can be subdivided into three constituents: the epi-, peri-and endomysium ( Figure 1 ) (9) . The epimysium envelops the entire cardiac muscle and is located on the endocardial and epicardial surfaces providing support for endothelial and mesothelial cells. The perimysium arises from the epimysium and surrounds groups of muscle fibers. The endomysium is the final arborization of the perimysium and enwraps individual muscle fibers. Endomysial struts tether muscle fibers together and to their nutrient microvasculature and function as the sites for connections to cardiomyocyte cytoskeletal proteins across the plasma membrane (2), (10) . In the fibrotic heart there is increased deposition of perimysial collagen resulting in interstitial fibrosis, while perivascular fibrosis also develops involving the intramural coronary arterial vasculature (Figure 1 ).
THE FUNCTIONAL CONSEQUENCES OF CARDIAC FIBROSIS
Death of a significant number of functional cardiomyocytes following infarction is followed by their replacement by fibrous tissue and results in both systolic and diastolic dysfunction. However, cardiac fibrosis has functional consequences even in the absence of significant cardiomyocyte loss. Homeostatic control of the cardiac extracellular matrix involves ongoing synthesis and degradation of extracellular matrix proteins (11), (12) by resident cardiac fibroblasts. Disturbance of the balance between the synthetic and degradative processes results in both structural and functional abnormalities of the heart. It is widely accepted that interstitial fibrosis is initially associated with a stiffer ventricle and diastolic dysfunction. However, increased deposition of extracellular matrix in the cardiac interstitium is accompanied by activation of matrix metalloproteinases (MMPs). Thus, in the fibrotic ventricle matrix synthesis is associated with concurrent degradation of matrix proteins that ultimately leads to disruption of myocardial excitation-contraction coupling in both systole and diastole (13) . These alterations result in development of ventricular dilation and systolic failure (14) . Disturbances of the collagen network in the fibrotic heart may cause systolic dysfunction through several distinct mechanisms: a) Loss of fibrillar collagen may impair transduction of cardiomyocyte contraction into myocardial force development resulting in uncoordinated contraction of cardiomyocyte bundles (15) . b) Interactions between interstitial proteins (such as laminin and collagen) and their receptors may play an important role in cardiomyocyte homeostasis (16) . c) Fibrosis may result in sliding displacement (slippage) of cardiomyocytes leading to a decrease in the number of muscular layers in the ventricular wall and subsequent left ventricular dilation (17) , (18) , (19) .
In addition to its profound effects on ventricular function, cardiac fibrosis also promotes generation of arrhythmias through impaired anisotropic conduction and subsequent formation of reentry circuits (20).
INFLAMMATION AND CARDIAC FIBROSIS
Fibrosis typically results from activation of inflammatory and reparative pathways in response to a persistent injurious stimulus (21) . Most types of cardiac injury trigger a local inflammatory reaction, inducing upregulation of cytokines, and fibrogenic growth factors and promoting activation of proteases (22) . Myocardial infarction results in cardiomyocyte necrosis and induces an intense inflammatory response; subsequent activation of pro-fibrotic pathways is an important component of the reparative process, but also plays a role in the pathogenesis of adverse remodeling. Although the close association between the inflammatory and fibrotic response following myocardial infarction is well-established, evidence suggests that inflammatory and fibrogenic pathways are also triggered by brief or sublethal insults that do not result in significant cardiomyocyte loss. Pressure overload, volume overload and brief repetitive ischemic events trigger a transient inflammatory reaction in the myocardium followed by the development of perivascular and interstitial fibrosis. These pathologic changes ultimately lead to diastolic and systolic ventricular dysfunction.
THE CHEMOKINE SUPERFAMILY
The chemokines (23) , constitute a superfamily of small basic proteins, with molecular weights in the range of ~8-15kDa, that share structural similarities (24) . Chemokines are subdivided into four families (CC, CXC, XC or CX3C) based on the number of amino acids between their aminoterminal cysteine residues. CXC chemokines are further classified into two groups (ELR + and ELR -) according to the presence of the tripeptide motif Glu-LeuArg (ELR motif) in the aminoterminal region.
Chemokines are critically involved in basal and inflammatory leukocyte locomotion and trafficking (25, 26) and their principal targets are hematopoietic cells. Inflammatory chemokines are upregulated upon tissue injury and in order to induce a chemotactic response in vivo they must be immobilized on cell or extracellular matrix surfaces through interactions with glycosaminoglycans (27) . Interactions between chemokines bound to the surface of activated endothelial cells and their receptors expressed by rolling leukocytes play an essential role in extravasation of leukocytes in inflamed areas. In addition to effects on cell locomotion, chemokines are capable of eliciting a variety of other responses affecting leukocyte activation and degranulation, mitogenesis, and apoptosis. Moreover, certain chemokines appear to exert a wide range of effects on cell types beyond the immune system, including endothelial cells (resulting in angiogenic or angiostatic actions) (28) , smooth muscle cells, fibroblasts, neurons, epithelial cells and cardiomyocytes.
CHEMOKINES AND TISSUE FIBROSIS
Through their effects on inflammatory cells, fibroblasts and endothelial cells, chemokines appear to be essential regulators of fibroproliferative processes in a variety of tissues (21) . Extensive evidence implicates CC chemokines in the pathogenesis of pulmonary (29) , renal (30) and hepatic (31) fibrosis. Macrophage inflammatory protein (MIP)-1alpha neutralization reduced bleomycininduced pulmonary fibrosis (32), whereas MCP-1 inhibition attenuated renal (33) , pulmonary (34) and hepatic (35) fibrosis in a variety of experimental models. Studies using genetically targeted mice further supported the fibrogenic effects of CC chemokines. Mice with targeted deletion of CCR1, the main receptor for MIP-1alpha and RANTES (regulated upon activation, normal T cell expressed and secreted), had reduced renal fibrosis (36) , whereas animals lacking the MCP-1 receptor CCR2 exhibited attenuated bleomycin-induced pulmonary fibrosis (37). CXC chemokines (38) and the CX3C chemokine fractalkine (39) are also involved in the pathogenesis of fibrotic diseases. Several distinct mechanisms may be responsible for the effects of chemokines in tissue fibrosis. First, chemokine-mediated recruitment of leukocytes may create a fibrogenic environment through the secretion of a wide variety of pro-fibrotic factors. Second, several chemokines are involved in chemotactic recruitment of fibroblast progenitors. In mice, interactions involving the chemokine receptors CXCR4, CCR7 (40), CCR2 (41) and CCR5 (42) have been shown to regulate fibrocyte recruitment to the lung. Third, chemokines may exert direct effects on cardiac fibroblasts. MCP-1 modulates dermal fibroblast phenotype by enhancing MMP synthesis (43) and stimulates collagen synthesis by lung fibroblasts (44). On the other hand, interferon-gamma-inducible protein (IP)-10 exerts anti-fibrotic effects by suppressing growth factormediated fibroblast motility (45). Fourth, several members of the chemokine family may regulate tissue fibrosis by modulating angiogenesis. Formation of neovessels is essential in the pathogenesis of fibroproliferative diseases (38).
Thus, the cellular effects of the chemokines and their established role in fibrosis of the lung, skin and kidney support the hypothesis that chemokine-mediated interactions may also modulate fibrotic remodeling in the heart. Whether these effects play an essential role in the pathogenesis of reparative and interstitial cardiac fibrosis is an area of active investigation.
CHEMOKINES AND REPARATIVE FIBROSIS FOLLOWING MYOCARDIAL INFARCTION
The reparative response following myocardial infarction ultimately results in formation of a scar and can be divided into three overlapping phases: the inflammatory phase, the proliferative phase and the maturation phase (46), (47). During the inflammatory phase induction of chemokines, cytokines, and adhesion molecules results in recruitment of leukocytes into the infarcted area (48), (49). Neutrophils and macrophages clear the infarct from dead cells and matrix debris (50) . As neutrophils become apoptotic, macrophages release growth factors (such as transforming growth factor (TGF)-beta) leading to suppression of inflammation and formation of granulation tissue. At this stage chemokine synthesis is suppressed (51), while fibroblasts and endothelial cells proliferate. During the proliferative phase of healing, activated myofibroblasts, deposit extracellular matrix proteins (52-54), (55) and angiogenic endothelial cells form an extensive microvascular network. Maturation of the scar follows: fibroblasts undergo apoptosis, the infarct vasculature matures, and a collagen-based scar is formed (56) , (57) . The reparative response in the infarcted heart is closely intertwined with adverse ventricular remodeling (58), a complex process associated with chamber dilation, cardiac hypertrophy, and geometric alterations of the ventricle resulting in increased sphericity and accentuated systolic and diastolic dysfunction (59) . Post-infarction remodeling involves both the infarcted and non-infarcted heart and results in increased interstitial fibrosis in the spared peri-infarct area (60), (61) . Chemokine-mediated pathways are primarily activated during the inflammatory phase of infarct healing. Cardiomyocyte death results in activation of several overlapping pro-inflammatory pathways that induce chemokine expression in the infarcted heart. Localized generation of C5a, formation of reactive oxygen species and activation Toll-Like Receptor (TLR)-mediated pathways induce nuclear factor (NF)-kappaB activation and upregulate chemokine synthesis by endothelial cells in the infarcted myocardium. Both CC and CXC chemokines are markedly and consistently induced in experimental models of myocardial infarction.
THE ROLE OF THE CC CHEMOKINES IN HEALING MYOCARDIAL INFARCTION
Monocyte Chemoattractant Protein (MCP)-1/CCL2, the best studied CC chemokine in myocardial infarction, plays an essential role in mononuclear cell recruitment and activation (62, 63) . Binding of MCP-1 to its receptor CCR2 induces chemotaxis and activates beta1 integrin-dependent adhesion of monocytic cells through distinct signaling pathways (64) . MCP-1-mediated chemotaxis is mediated via p38 Mitogen Activated Protein Kinase (MAPK) and Rho kinase signaling cascades, whereas beta1 integrin-dependent adhesion of monocytic cells to Vascular Cell Adhesion Molecule (VCAM)-1 and fibronectin requires extracellular signal-regulated kinase (ERK) signaling (64) . Disruption of MAPK, Rho kinase, or Phosphoinositide 3-kinase (PI-3K) , is sufficient to prevent chemotaxis in response to MCP-1, suggesting that activation of several independent pathways is required to produce a full chemotactic response (65) , (64) .
In addition to its critical role in mononuclear cell recruitment, MCP-1 exerts important actions on nonhematopoietic cells, inducing angiogenic and arteriogenic effects (66) and modulating fibroblast phenotype and activity by increasing collagen expression and by regulating MMP synthesis (44). MCP-1 upregulation has been demonstrated in canine (67) , rat (68, 69) and mouse models (70) of experimental myocardial infarction. Studies from our laboratory demonstrated that MCP-1 -/-mice had decreased and delayed macrophage infiltration in the healing infarct and exhibited delayed replacement of injured cardiomyocytes with granulation tissue. MCP-1 -/-infarcts had decreased mRNA expression of the proinflammatory cytokines tumor necrosis factor (TNF)-alpha, interleukin (IL)-1beta, and IL-6, and showed defective macrophage differentiation (48). However, the consequences of MCP-1 deficiency extend beyond the inflammatory phase of infarct healing. MCP-1 null animals exhibited reduced expression of the inhibitory cytokines TGF-beta, and IL-10 in the infarcted heart. MCP-1 deficiency diminished myofibroblast accumulation without significantly affecting infarct angiogenesis. Despite showing delayed phagocytotic removal of dead cardiomyocytes, MCP-1 -/-mice had attenuated left ventricular remodeling, but similar infarct size when compared with wildtype animals.
Further experiments suggested that the role of MCP-1 in myocardial infarction extends beyond its monocyte chemoattractant effects: MCP-1 inhibition with a neutralizing antibody resulted in defects comparable with the pathological findings noted in infarcted MCP-1 -/-animals, in the absence of impairment in monocyte recruitment (48).
Thus, absence of MCP-1 appears to result in attenuation of adverse remodeling at the expense of a prolonged inflammatory phase and delayed replacement of injured cardiomyocytes with granulation tissue (71) . Experiments using mice with targeted deletion of the MCP-1 receptor, CCR2, also suggested that disruption of the MCP-1 axis has protective effects in post-infarction remodeling (72) . CCR2 null mice had decreased infiltration with macrophages and exhibited attenuated ventricular dilation following myocardial infarction. CCR2 absence was associated with markedly decreased MMP expression and lower gelatinolytic activity in the infarcted ventricle. Attenuated matrix degradation may explain, at least in part, the protection from the development of adverse remodeling noted in CCR2 null animals.
HOW DOES MCP-1 MODULATE REPARATIVE FIBROSIS FOLLOWING MYOCARDIAL INFARCTION?
The effects of MCP-1 on the healing infarct may be mediated through several distinct pathways ( Figure 2 ). 1) Recruitment of monocytes in the ischemic myocardium is regulated by MCP-1. Emerging evidence suggests that peripheral blood monocytes are a heterogeneous population. In mice, two distinct subpopulations have been identified that circulate in approximately equal numbers (73): a subset that expresses the MCP-1 receptor, CCR2, but has low expression of the fractalkine receptor CX3CR1 (CX3CR1 lo) and is preferentially recruited in inflammatory processes, and a CCR2 negative subpopulation comprised of cells with intense CX3CR1 expression (CX3CR1 hi), that home to normal tissues and become resident macrophages. MCP-1 induction in the healing infarct may result in enhanced recruitment of CCR2 positive cells. In contrast, disruption of the MCP-1 axis may result in decreased infiltration of the infarct with CCR2+ monocytes and high representation of the CX3CR1 hi subset. CX3CR1 hi monocytes may exhibit decreased phagocytic activity and reduced capability to express cytokines upon stimulation with proinflammatory mediators. The significance of distinct monocyte subpopulations in infarct healing was demonstrated in a recent investigation by Nahrendorf and co-workers (74) showing that infarcted mouse hearts sequentially recruit Ly-6C hi and Ly-6C lo monocytes through CCR2 and CX3CR1 respectively. The Ly-6C hi subset appears to exhibit phagocytic, proteolytic and proinflammatory functions, whereas Ly-6C lo cells promote healing and have profibrotic and angiogenic properties (74) . These concepts may also be highly relevant in human pathobiology. Subsets of human peripheral blood monocytes with distinct chemokine receptor profiles have been identified. CD14+CD16+ monocytes express lower CCR2 but higher CCR5 levels; in contrast CD14+ monocytes exhibit high CCR2 and low CCR5 expression (75) . Polarized CCR2 expression is accompanied by differential chemotactic responsiveness to MCP-1 (75).
2) MCP-1 may also directly modulate macrophage differentiation, phagocytic activity and cytokine expression. Previous investigations indicated that MCP-1 induces monocyte IL-1 (76) and IL-6 synthesis (77) and that it may be involved in differentiation of monocytes into foam macrophages (78).
3) The reduced myofibroblast density in MCP-1 null infarcts may result from decreased proliferative activity of resident fibroblasts or impaired recruitment of fibroblast progenitor cells, capable of differentiating into fibroblasts. The significance of these cells in the infarcted myocardium remains unknown.
THE ROLE OF OTHER MEMBERS OF THE CC CHEMOKINE FAMILY IN MYOCARDIAL INFARCTION
Whether other CC chemokines are critically involved in reparative cardiac fibrosis remains unknown. MCP-3, a potent mononuclear cell chemoattractant, is transiently induced in mouse myocardial infarcts (79) . Transplantation of MCP-3-expressing cardiac fibroblasts into the infarct border zone one month after coronary ligation resulted in enhanced homing of injected mesenchymal stem cells in the infarcted myocardium (79) . However, the exact role of endogenous MCP-3 in cardiac repair remains unknown. In addition, a robust induction of MIP-1alpha and MIP-1beta is noted in murine infarcts (80); however, their importance in myocardial injury and repair has not been investigated. A small clinical study suggested that increased serum levels of RANTES, a CC chemokine that induces chemotaxis of eosinophils and specific subsets of mononuclear cells, are found in patients with acute myocardial infarction (81) . Whether these findings reflect upregulation of RANTES expression in the infarct is not known.
A recently published investigation demonstrated reduced functional impairment and attenuated structural remodeling after myocardial infarction in mice with deletion of CCR1, a promiscuous CC chemokine receptor primarily activated by MIP-1alpha and RANTES (82) . Protection of the infarcted heart in CCR1 null mice was associated with reduced early recruitment of neutrophils and improved infarct healing. Translation of these findings into human infarction is hampered by species differences in CCR1 biology. The CCR1 ligand MIP-1alpha is a potent chemoattractant for mouse, but not for human neutrophils (83).
CXC CHEMOKINES AND REPARATIVE FIBROSIS FOLLOWING MYOCARDIAL INFARCTION
ELR-positive CXC chemokines, such as IL-8, epithelial neutrophil-activating peptide (ENA)-78, growthregulated oncogene (GRO)-alpha, GRO-beta, GRO-gamma and neutrophil-activating peptide (NAP)-2, induce neutrophil chemotaxis and activation (24, 84) and have angiogenic properties. In contrast, ELR-negative CXC chemokines (such as platelet factor 4 (PF4/CXCL4), IP-10/CXCL10, and monokine induced by gamma-interferon (MIG/CXCL9)) do not stimulate neutrophil chemotaxis and not only fail to induce angiogenesis, but exert potent angiostatic effects in the presence of either ELR-CXC chemokines or other angiogenic factors, (such as basic fibroblast growth factor) (28, 85).
IL-8/CXCL8 is the prototypical ELR-positive CXC chemokine. IL-8 upregulation has been documented in canine (86) and rabbit (87) models of experimental myocardial infarction. Elucidation of the role of IL-8 in cardiac injury has been hampered by the absence of an IL-8 homologue in mice. IL-8, and possibly other ELR-positive CXC chemokines, synthesized by endothelial cells and leukocytes, may play an important role in neutrophil recruitment in the infarcted myocardium. In addition, IL-8 may activate infiltrating granulocytes by inducing the neutrophil respiratory burst and granule release, and by enhancing cellular adhesion. In addition, IL-8 may also have effects beyond its neutrophil chemotactic properties (88) . IL-8 neutralization significantly reduces the degree of necrosis in a rabbit model of myocardial ischemiareperfusion injury without affecting neutrophil infiltration (89) . In rodents, several ELR positive CXC chemokines, including GRO-alpha/KC, MIP-2 and lipopolysaccharideinduced CXC chemokine (LIX), induce neutrophil chemotaxis and activation through binding to their main receptor, CXCR2. Deficiency of CXCR2 resulted in significantly decreased inflammatory leukocyte recruitment in murine infarcts, suggesting a crucial role for these chemokines in inflammatory cell infiltration (90) . Experiments in a rat model of infarction suggested that, although KC and MIP-2 are upregulated in the injured heart, neutrophil recruitment in reperfused rat infarcts appeared to be mainly due to expression of LIX (91) . The relative significance of ELR-positive CXC chemokines in regulating the post-infarction inflammatory response in infarcted rodent hearts remains unclear; however, because of species-specific actions this information would probably be of limited significance for understanding the pathobiology of human infarction. CXCR2 signaling may exert actions beyond neutrophil chemotaxis. Experiments using a Langendorff preparation indicated protective effects of CXCR2 signaling on myocardial viability (90) . The molecular basis for the presumed direct effects of CXCR2 signaling on cardiomyocytes remains unclear.
The role of the ELR-negative CXC chemokines in the healing infarct is an area of active investigation. We have demonstrated a marked transient upregulation of IP-10/CXCL10 in reperfused canine myocardial infarcts (92) . IP-10 mRNA expression is downregulated following 24 h of reperfusion, whereas IL-8 message levels remain high. The exact role of IP-10 upregulation in the infarcted myocardium remains unclear. IP-10 is critically involved in effector T cell trafficking (93) , has angiostatic effects (94) and may exert direct antifibrotic actions (45), (95) . It is tempting to hypothesize that the early transient induction of IP-10 in the ischemic myocardium may serve to prevent premature wound angiogenesis and fibrous tissue deposition in the infarct, until the injured myocardium has been cleared from dead cells and debris by infiltrating phagocytes and a fibrin-rich provisional matrix is formed in order to support ingrowth of granulation tissue. Subsequent suppression of IP-10 through TGF-beta-mediated actions may allow unopposed angiogenic and fibrogenic activity facilitating the reparative process. Thus, IP-10 may orchestrate infarct healing through its effects on angiogenesis and fibrous tissue deposition.
Stromal cell-derived factor (SDF)-1/CXCL12 is a non-ELR containing CXC chemokine with chemotactic effects for CD34+ progenitors (96) and primitive hematopoietic cells (97) . SDF-1alpha is induced in nonreperfused rat infarcts (98); however, its role in regulating the post-infarction inflammatory and reparative response is unknown. Endogenous SDF-1 may regulate the recruitment, maturation and function of CXCR4-positive progenitor cells in ischemic tissues (99), (100). Experiments using a rat model of coronary occlusion demonstrated that transplantation of cells engineered to express SDF-1 into the peri-infarct zone resulted in attenuated adverse remodeling (99) . The beneficial effects of SDF-1 may be due to therapeutic stem cell homing into the injured myocardium resulting in neovascularization and enhanced preservation of cardiomyocytes (101) . Recent evidence suggested that the SDF-1/CXCR4 biological axis may be particularly important for the trafficking and extravasation of fibrocytes in the lung (102) . Whether SDF-1 modulates the fibrotic response following myocardial infarction remains unknown.
THE ROLE OF THE CHEMOKINES IN CARDIAC FIBROSIS IN THE ABSENCE OF MYOCARDIAL INFARCTION
Although extensive experimental evidence suggests that the inflammatory response plays an important role in reparative fibrosis following myocardial infarction, our knowledge on the possible involvement of inflammatory pathways in fibrotic cardiac remodeling in the absence of cardiomyocyte death remains limited. Several challenges hamper understanding of the role of inflammation in non-infarctive cardiomyopathic processes. First, interstitial cardiac fibrosis is not a single clinical entity. Several distinct injurious pathways may be activated in the cardiac interstitium in response to sublethal cardiac injury; the mechanisms responsible for fibrotic remodeling may depend on the type of the initial insult. Second, in the clinical context many patients have co-existing conditions (such as diabetes, hypertension, obesity, etc.) that may independently contribute to the development of cardiac fibrosis. Third, development of animal models that simulate the complexity of the clinical conditions associated with perivascular and interstitial fibrosis of the heart is difficult.
Because of the challenges in dissecting the mechanisms involved in the pathogenesis of interstitial cardiac fibrosis, evidence suggesting a role for chemokinemediated pathways in non-infarctive fibrotic remodeling of the ventricle is scarce.
MCP-1 IS INVOLVED IN THE PATHOGENESIS OF EXPERIMENTAL ISCHEMIC CARDIOMYOPATHY
CCL2/MCP-1 is the best-studied chemokine in experimental models of non-infarctive fibrosis. Experiments using a canine model demonstrated that a single brief episode of coronary occlusion followed by reperfusion is sufficient to induce MCP-1 upregulation in the heart, despite the absence of cardiomyocyte death (103) . MCP-1 induction following a single brief ischemic insult is mediated through reactive oxygen generation (103) . MCP-1 upregulation was also found in a murine model of fibrotic cardiomyopathy due to brief repetitive myocardial ischemia and reperfusion (104) . After three days of brief (15 min) daily episodes of coronary occlusion followed by reperfusion, mice exhibited an interstitial inflammatory response in the ischemic myocardium associated with marked induction of MCP-1. Chemokine upregulation was followed by development of interstitial fibrosis in the absence of significant cardiomyocyte loss. As fibrosis developed, the inflammatory response was suppressed (104) .
Experiments from our laboratory using genetically targeted mice and antibody neutralization strategies demonstrated that reactive oxygen-mediated induction of MCP-1 plays an essential role in fibrotic remodeling of the ventricle following brief repetitive ischemia and reperfusion. Both MCP-1 gene disruption and inhibition with a neutralizing antibody protected the myocardium from the development of interstitial fibrosis and attenuated left ventricular dysfunction (105) .
In the cardiomyopathic heart MCP-1 may mediate its pro-fibrotic effects through several distinct mechanisms:
1) MCP-1 may act through recruitment and activation of mononuclear cells. Monocytes chemotactically attracted through MCP-1/CCR2 signaling may be an important source of fibrogenic mediators, such as TGF-beta and Fibroblast Growth Factors. In addition to its chemotactic properties, MCP-1 may also enhance the fibrogenic potential of mature macrophages by inducing TGF-beta1 and by stimulating collagen synthesis (106).
2) MCP-1 may directly modulate fibroblast phenotype and activity. In vitro studies have demonstrated that MCP-1 enhances portal fibroblast proliferation and myofibroblast differentiation (107) , upregulates collagen and TGF-beta1 expression by rat pulmonary fibroblasts (44), and stimulates production of MMP-1 and tissue inhibitor of metalloproteinases (TIMP)-1 by human skin fibroblasts (43). In pulmonary fibrosis, the fibrogenic actions of MCP-1 may be mediated at least in part through inhibition of prostaglandin E2 (PGE2), a potent suppressor of fibroblast proliferation and activation (108) . Although our experiments failed to demonstrate direct effects of MCP-1 on murine cardiac fibroblast collagen and MMP synthesis (105) , important modulatory actions of MCP-1 on fibroblast phenotype cannot be excluded.
3) MCP-1 may be an essential mediator in the recruitment of fibrocytes, a circulating population of cells that share leukocyte and mesenchymal markers, and are capable of myofibroblast differentiation (109), (110) . Recent investigations indicated that MCP-1/CCR2 signaling is important for recruitment of fibroblast progenitors to the alveolar space after fibrotic injury in the lung (41).
Our investigation demonstrated that MCP-1 gene disruption significantly decreased macrophage infiltration following brief repetitive ischemia and reperfusion and resulted in reduced expression of osteopontin (105) a matricellular protein markedly induced during monocyte to macrophage differentiation (111) . Furthermore, myofibroblasts isolated from wildtype hearts after 5 days of brief repetitive I/R exhibited much higher proliferative capacity than myofibroblasts derived from MCP-1 null hearts undergoing repetitive coronary occlusion and reperfusion protocols. These findings suggested that the pro-fibrotic actions of MCP-1 may depend on paracrine signals released by leukocytes recruited in the myocardium through MCP-1/CCR2 interactions.
MCP-1 EXPRESSION IN PATIENTS WITH ISCHEMIC FIBROTIC CARDIOMYOPATHY
Patients with advanced ischemic cardiomyopathy exhibit extensive collagen deposition in the form of reparative or diffuse interstitial fibrosis (17) . Severe coronary disease is often associated with frequent brief episodes of demand ischemia that do not lead to myocardial infarction but may induce reactive oxygen-mediated chemokine upregulation. Myocardial induction of CC chemokines, such as MCP-1, may stimulate mononuclear cell recruitment creating a fibrogenic milieu that induces extracellular matrix deposition and regional myocardial dysfunction. This concept is supported by our investigations using samples obtained from dysfunctional myocardial segments from patients with ischemic cardiomyopathy undergoing aortocoronary bypass surgery. Myocardial segments with significant dysfunction in the absence of infarction showed increased MCP-1 expression and local leukocyte infiltration (112) . Furthermore, dysfunctional segments with recovery of function after surgical revascularization exhibited higher MCP-1 levels and enhanced inflammatory activity in comparison to segments with irreversible dysfunction. In contrast, persistently dysfunctional myocardium exhibited decreased inflammatory activity and enhanced collagen deposition (113) . These findings suggested that the development of ischemic cardiomyopathy is a continuous process: at an early stage brief episodes of ischemia may induce an inflammatory response activating fibrogenic pathways. However, prolonged activation of ischemia-induced inflammation may trigger inhibitory mechanisms (such as TGF-beta activation) that suppress pro-inflammatory mediator synthesis, while inducing synthesis of genes associated with fibrosis ( Figure 3 ) (114), (115) .
THE ROLE OF MCP-1 IN CARDIAC FIBROSIS DUE TO PRESSURE AND VOLUME OVERLOAD
Cardiac pressure overload induces cardiac hypertrophy and fibrosis in a variety of clinical conditions, including aortic stenosis and hypertension. Several investigations have demonstrated that experimental pressure overload triggers an inflammatory reaction (116) . However, whether members of the chemokine family play an essential role in fibrotic remodeling of the pressureoverloaded heart, or their induction simply represents an epiphenomenon resulting from activation of angiotensin II signaling, remains unclear. Pressure overload due to suprarenal aortic constriction in a rat model, induced myocardial MCP-1 mRNA expression followed by macrophage accumulation, reactive fibrosis and cardiomyocyte hypertrophy (117) . Treatment with the angiotensin II type I (AT-1) receptor antagonist candesartan significantly attenuated MCP-1 upregulation suggesting that AT-1 signaling may play a key role in MCP-1 induction in the pressure overloaded heart (118) . Chronic treatment with a monoclonal neutralizing anti-MCP-1 antibody inhibited, not only macrophage accumulation, but also fibroblast proliferation and TGFbeta induction. Furthermore, MCP-1 inhibition attenuated myocardial fibrosis, but not cardiomyocyte hypertrophy, and ameliorated diastolic dysfunction without affecting blood pressure and systolic function (119) . The significance of angiotensin-II-mediated activation of the MCP-1 axis was supported by experiments demonstrating that CCR2 expression in monocytes plays an essential role in vascular The role of the chemokines in fibrosis due to volume overload has not been systematically explored. Enhanced myocardial MCP-1 expression was noted in a rat model of volume overload due to formation of an aortocaval fistula (121) . MCP-1 upregulation in this model correlated with the severity of heart failure and was associated with accumulation of leukocytes and interstitial fibroblasts. However, the potential involvement of chemokines in the pathogenesis of fibrosis in volumeoverloaded hearts has not been studied.
CHEMOKINES, TGF-BETA, AND THE TRANSITION FROM INFLAMMATION TO FIBROSIS
Chemokine-mediated inflammation in the injured heart is a transient event, followed by resolution of the inflammatory infiltrate and development of fibrosis (116), (104) . Evidence suggests that mediators involved in repression of chemokine synthesis also induce fibrous tissue deposition, and may play an important role in the pathogenesis of cardiac fibrosis (51), (122) , (115) , (50) . Through its pleiotropic effects, TGF-beta is ideally suited as a key mediator in the transition from inflammation to fibrosis. TGF-beta mediates anti-inflammatory actions suppressing cytokine and chemokine expression by stimulated mononuclear and endothelial cells (92) . On the other hand, TGF-beta exerts potent pro-fibrotic effects by inducing myofibroblast activation, by stimulating the synthesis of various extracellular matrix proteins (123) and by suppressing matrix degradation through decreased expression and activity of proteases (124), (125) . Thus, following cardiac injury TGF-beta may play a dual role suppressing inflammatory chemokine synthesis and leukocyte extravasation, while promoting extracellular matrix deposition. Extensive evidence demonstrates TGFbeta induction in the fibrotic heart in both experimental models of cardiac fibrosis and human patients with cardiomyopathy (126) . TGF-beta1 and -beta2 mRNA is abundantly expressed in hearts from patients with dilated (127) and hypertrophic cardiomyopathy (128) and is associated with increased collagen deposition (127) . Furthermore, two different approaches generating mice with cardiac overexpression of TGF-beta1 suggested profibrotic effects of TGF-beta in the heart. Rosenkranz and co-workers demonstrated that cardiac TGF-beta1 overexpression resulted in ventricular fibrosis associated with increased collagen deposition and inhibition of interstitial collagenases (129) , (130) . Nakajima and coworkers on the other hand (131) showed that transgenic mice with a mutation that blocks covalent tethering of the TGF-beta1 latent complex to the extracellular matrix had a large proportion of constitutively active TGF-beta1 in the heart. Despite showing similar levels of TGF-beta in both atria and ventricles, these animals exhibited only atrial and not ventricular fibrosis (131) .
Other investigations demonstrated that decreased TGF-beta activity prevented fibrotic remodeling of the ventricle in several distinct experimental models of cardiac fibrosis. Heterozygous TGF-beta1 +/-deficient mice exhibited less age-associated fibrosis and improved left ventricular compliance than controls (132) . In addition, TGF-beta blockade prevented myocardial fibrosis in pressure overloaded rats (133) .
Chemokine-mediated inflammation may provide the environment necessary for induction and activation of TGF-beta signaling in the injured heart. Activated mononuclear cells, recruited through chemokine-mediated pathways are a major source of TGF-beta following cardiac injury. Inflammatory cells secrete proteases that degrade the extracellular matrix facilitating liberation of stored TGF-beta. Infiltrating macrophages and lymphocytes produce mediators essential for TGF-beta activation. Activation of TGF-beta signaling pathways suppresses the inflammatory reaction following cardiac injury; however, TGF-beta-mediated repression of chemokine synthesis and subsequent resolution of inflammation come at a high cost resulting in cardiac fibrosis and dysfunction (114) , (115), (61) . Thus, the chemokines may represent the key initial stimulus that activates profibrotic TGF-beta-mediated cascades in the injured heart (Figure 3 ).
CONCLUSIONS
Chemokine-mediated inflammation plays a central role in reparative cardiac fibrosis and may be involved in the pathogenesis of interstitial fibrotic remodeling induced by insults that do not cause cardiomyocyte death. Through its effects on mononuclear cells and fibroblasts, MCP-1 appears to be an essential mediator in the development of cardiac fibrosis. Several investigations suggested that disruption of the MCP-1 axis attenuates adverse cardiac remodeling, reducing fibrosis in experimental models of myocardial infarction and ischemic cardiomyopathy. MCP-1 may be a promising therapeutic target in post-infarction remodeling; current reperfusion strategies may provide a unique opportunity for delivery of an MCP-1 inhibitor into the infarcted myocardium. In contrast, chronic chemokine inhibition to attenuate cardiac fibrosis in fibrotic cardiomyopathic conditions is more problematic and would likely be complicated by impaired responses to injury and reduced angiogenesis. Dissecting the role of chemokine-mediated pathways in both reparative and interstitial cardiac fibrosis may identify novel therapeutic strategies for patients with heart failure. 57-67 (2008) 
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